The observed maximum rate of ethanol oxidation at pH7.05 and 25°C was decreased 12-fold by the presence of0.06mol ofinhibitor/mol ofNAD+ when using the enzyme from Zn2+-deficient yeast, but with crystalline enzyme the maximum rate was essentially unchanged by this concentration of inhibitor. The kinetic characteristics for the two enzymes with ethanol, butan-1-ol, acetaldehyde and butyraldehyde as substrates are markedly different. These kinetic differences are discussed in relation to the mechanism of catalysis for the enzyme from Zn2+-deficient yeast.
Yeast alcohol dehydrogenase is an enzyme of mol.wt. 141000 (Biihner & Sund, 1969) comprised of four, apparently identical, subunits (Harris, 1964; Jornvall, 1973) and containing, by various estimates, 4-5 zinc atoms/tetramer (Sund & Theorell, 1963; Dickinson, 1974) . Investigations into the catalytic mechanism of the enzyme have reached a fairly advanced stage (Dickenson & Dickinson, 1975b,c) . Further, chemical modification of certain unique amino acid residues, such as cysteine (Rabin et al, 1964; Harris, 1964) and histidine (Dickenson & Dickinson, 1973 , 1975a , leads to a loss of activity and, apparently, of substrate binding (Dickinson, 1972; Dickenson & Dickinson, 1975a) , whereas coenzyme binding is largely unaffected. It is important to find out if the zinc atoms are involved in catalysis or act as structural supports. In horse liver alcohol dehydrogenase, for example (4 zinc atoms/molecule of mol.wt. 84000), two atoms function in catalysis, whereas the other two appear to have a structural role (Branden et al., 1973) . For the yeast enzyme it has been found that incubation with metal-chelating agents, such as 1,10-o-phenanthroline or 8-hydroxyquinoline, results in removal of the zinc and dissociation into subunits (Kagi & Vallee, 1960) . This indicates that the metal has a structural role. However, Hoch et al. (1958) found that 1,10-o-phenanthroline is a competitive inhibitor of the enzyme, which suggests that at least part of the metal is in active centres. Creighton & Sigman (1971) have Vol. 153 provided a model for alcohol dehydrogenase which involves participation of a Zn2+ ion.
It has been claimed by Curdel & Iwatsubo (1968) and by Coleman & Weiner (1973) that Co2+ and Mn2+ can be incorporated into alcohol dehydrogenase when yeast is grown anaerobically in the presence of these metals. Detailed comparison of the kinetic properties of such modified enzymes with those of the zinc-containing enzyme offers the possibility of determining whether the metal has a catalytic role. We have sought to follow this approach by studying the properties of an alcohol dehydrogenase from yeast grown in the absence of added Zn2+, but with added Mn2+.
Experimental Materials
Glass-distilled water was used in the preparation of all reagent solutions and growth media. EDTA was omitted from buffer solutions and assays except where otherwise stated. Reagents used in buffers and growth media were of analytical grade wherever possible and obtained mainly from Fisons Ltd., Loughborough, Leics., U.K., and BDH Chemicals Ltd., Poole, Dorset, U.K. Phosphate and pyrophosphate buffers were sodium salts unless stated otherwise. DEAE-celluloses, Whatman DEl 1 and DE32, were from Fisons Ltd.
Portions (1 ml) ofa suspnsion ofyeWt (one loopful solutions of ADP-ribose were determined spctrofrom the centrerof the block, in 30iml of sterile water) photometriqally, by using.
15.4x 103 litrq* were used to inoculate two 10ml cultures, which mol--cm-' (Burton, 1959) , were allowed to grow-aerobically at 29°C, with
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shaking, for 18-24h. These cultures:wer then transNAD+yielded the same pattern of impurjtire,pprtend -ferred to two 1-litre aspirators, each containing by Dalziel & Dickinson (1966 dehydrogenase activity was-assayed as described pH 7.0. Theenzyme was washed straight through this previously (Dickinson, 1970) but by using chromatocolumn and much nucleic acid -was retained. The graphically purified NAD+. During the purification enzymp. solution was then dialysed for 4h against procedure, protein concentrations were determined 2 > 4 litres of 5 mM-phosphate -buffer, .pH 7.0, .and by the measurement of E280 and E280/E260, as aplied to a 30cmx2cm column of DE32 DEAEdescribed by Warburg & Christian (1941 Velick, 1954; Dickinson, 1970 (Schroeder et al., 1964) ; crystalline yeast alcohol dehydrogenase, 141000 (Buhner & Sund, 1969) ; horse liver alcohol dehydrogenase, 84000 (Ehrenberg & Dalziel, 1958) ; ovalbumnin, 45000 (Warner, 1954) ; soya-bean trypsin inhibitor, 21500 (Wu & Scherag, 1962 (Andrews, 1964) .
The sedimentation behaviour of alcohol dehydrow genase extracted from Mn2+ .grown yeast was compared with that of the crystalline yeast enzyme by centrifugation in a sucrose gradient (Martin & Arnes, 1961; Noll, 1967 ). An isokinetic gradient was prepared, as described by Noll (1967) (Dickinson & Monger, 1973) . Bovine serum albumin (1 mg) was added to all assays and dilutions of enzyme. Measurements were made at 25°C in phosphate buffer? pH7.05, 1 0.1 mol/l, Dilutions of enzyme from the 2-3 mg/ml stock were renewed every 30-60min and were assayed under the standard conditions at pH8.8 (Dickinson, 1970) substrate, purified NAD+ being used for the study of purified enzyme was also labile, but niot quite as the alcohol-NAD+ reactions. In addition, the oxidaunstable as in the crude extract. A sample recovered tions of ethanol and butan-l-ol were also studied by from the DE32 DEAE-cellulose column (490 units/ using NAD+ (grade I, Boehringer Corp.). The coml; 240 units/mg) lost 60% of its activity in 16h, and enzyme and substrate concentrations used were the stability was not increased by the inclusion of 20% within the following ranges: NAD+, 6.5-184O0uM; sucrose plus 0.1 % mercaptoethanol. With 3mM-ethanol, 10-500mM;butan-l-ol,6.8-270niM;NADH, EDTA present, '85% of the Ativity was lost in 16h. 4.9-343 pM; acetaldehyde, 23-5620Mm butyraldeAddition of 120pM-ADP-ribose caused detectable hyde, 1. 8-74mM. stabilization, 60% of the initial activity remaining (1) under anaerobic conditions. gavexitually complete protection: 90% of the initial activity was detected were obtained from the slopes and intercepts of the after 16 and 40h and 50% after 6 days. Our findings on double-reciprocal plots as described byDalziel (1957) .
the stability of the enzyme are in general agreement In eqn. (1) (Dalziel, 1963; Dalziel & Dickinson, 1966) (Dickinson, 1970) and so it seent# that the product from commercial yest, both of which are quite hereis roughly )20% pure. In one of the preparations stable, the enzymne from Zn2r-deflcient cells is from'-yeast grown in the pnce of Zn2+, the unstable. At 49C in 0.045M-phosphXate-biffer, pioduct frbm the final column was fiiither purifled pH7.0, the activity (1000 units/il; 14.4'units/mt) ofa by heat treatment at 55°C for 10min followed, over crude cell extract declined by 45 % in 8 h. Addition of a period of 2 days, by two (NH4)2S04 precipitations 20% (w/v) sucrose did not affect the stability of the at aboiut 45 % saturation. The product ofthis extended enzyme, but addition of 0.1 % (v/v)ertoethanol, procedure had a specific activity of 380 units/mg, con with or without 20% sucrse, resulted in the loss of firming the validity of the purity calculation. The 70% of the activity in 8h. The enze was more degree of purity of the modified enzyme obtained unstable when 3 mM-MnSO4 or 3mM-EDTAi was under Zn2+-deficient conditions is, of course, unadded, only 9 and 3% respectivbly of the) initial known, but since the degree of purification with each activity being -recovered "after 8h. The pirtially enzyme is similar ( We have attempted to estimate the specific activity of the pure, modified enzyme by fluorimetric titration of the partly pure preparation with NADH, in the manner described by Dickinson (1970) . In contrast with the findings of Coleman & Weiner (1973) with alcohol dehydrogenase from both Zn2+-and Mn2+-grown yeast YU 1001, we found that our preparation enhanced the fluorescence of NADH about fourfold at pH 6 and twofold at pH 7. In the presence of 0.5M-acetamide there was no further enhancement of NADH fluorescence, in contrast with the 13-fold enhancement obtained with pure, crystalline alcohol dehydrogenase from commercial baker's yeast (Dickinson, 1970) . In the presence of0.5M-acetamide, the binding of NADH to our Zn2+-deficient preparation was slightly weaker than in the absence of acetamide. For the normal enzyme the affinity is about 20-fold greater. In the presence of this new enzyme there was a significant blank decrease of NADH fluorescence, with or without acetamide, at pH6, and, to a lesser extent, at pH7. Since the enzyme preparation may contain components, other than alcohol dehydrogenase, which bind NADH and since there was no further enhancement of NADH fluorescence in the presence of the substrate analogue acetamide, the experiments were not continued.
As an alternative, we have tried to estimate the specific activity of pure enzyme by studying the binding of ADP-ribose to the enzyme at pH 7.0 and 200C with the method of Hummel & Dreyer (1962) .
Inhibitor, at a concentration of 294uM, was used in the experiments and this should have been sufficient to saturate the enzyme (K, = 0.5uM at pH 7.0; see below). There were real technical difficulties with these experiments owing to the presence in dialysed preparations of low-molecular-weight u.v.-absorbing compounds, presumably arising from proteinase activity. However, we found that a sample containing 1080 units of activity (specific activity 70 units/mg) bound about 50nmol of inhibitor. Assuming two catalytic sites/molecule of mol.wt. 141000 the results indicate a minimum specific activity of 300 units/mg for pure enzyme. This value may be revised upwards to 1100 units/mg if allowance is made for the fact that the enzyme preparation had declined in specific activity from 260 to 70 units/mg since it was first prepared, and it is assumed that inactive enzyme still bound inhibitor. The calculations suggest that our best preparations are reasonably pure.
Initial-rate studies
The results ofdetailed initial-rate studies at pH 7.05 and 25°C with the enzyme from zinc-deficient yeast are shown in Figs. 1(a) Fig. l(a) with the reciprocal of the NAD+ concentration. Dickinson, 1966) found in NAD* purifications is added back to purified.NAD+, severe inhibition is observed. Impurity C co-chromatographs with authentic ADP-ribose under the conditions used in NAD+ purification (Dalziel & Dickinson, 1966 The behaviour of the sensitive enzyme with ADPribose beoes clarer when the oqnentrationsof the ihibitorand purfied NAD are,vaxiedindependently -at a constant ethanol conetration. Fig. 3 shows the mswlts of suh-an experiment at pH7.05 and 25MC. filtration) of the Zn2+-deficient enzyme cannot be due to a more compact tetrameric molecular structure with the same molecular weight as the normal enzyme. A sedimentation coefficient of 5.8 S is consistent with a mol.wt. of about 80000. 0.5uM was obtained. A less detailed experiment at pH 8.8 and 25°C gave a similar result with a value for K, of 5AM. The binding of the inhibitor is clearly pH dependent.
Molecular-weight determinations
We required information about structural differences which may be responsible for the marked kinetic and stability differences between alcohol dehydrogenase from Zn2+-deficient yeast on the one hand, and normal crystalline enzyme and enzyme from yeast grown with added Zn2+ on the other. Since the enzyme preparations are not pure we have used gel filtration on calibrated columns of Sephadex G-200 to estimate the molecular weight and centrifugation in sucrose density gradients to study sedimentation behaviour.
Gel-filtration experiments (Fig. 4) gave values of mol.wt. 72000+± 1000 for the Zn2+-deficient enzyme and 140(000+±1000 for the 'normal' enzyme. The 520w values for the enzymes, calculated from densitygradient-centrifugation data (Fig. 5) Sund, 1969) ]. These experiments show that the low value of the apparent molecular weight (from gel
Metal analyses
Three samples containing 2.4-24mg of a preparation from yeast grown without added Zn2+ were found to contain 1 .6-6.4nmol of Mn2+ and 3-32nmol of Zn2+. A preparation of 7.0 mg from yeast grown on Zn2+ contained 1.8nmol of Mn2+ and 66 nmol of Zn2+. If these values are taken in conjunction with a mol.wt. of 72000 for the new enzyme and 141000 for the normal enzyme and a presumed highest specific activity of 400units/mg, then we calculate a metal content of about 0.1 atom of manganese/molecule and 0.25 atom of zinc/molecule for the enzyme from zinc-deficient yeast and 0.2 atom of manganese/ molecule and 7.6 atoms of zinc/molecule for the normal enzyme. The latter value agrees reasonably well with our earlier value of about 5 atoms of zinc/ molecule (Dickinson, 1974) . One must remember that the present preparations are relatively impure.
Discussion
It is clear from the criteria that we have been able to apply that alcohol dehydrogenase from Zn2+-deficient yeast grown under N2 is quite different from the enzyme found in yeast grown with added Zn2+ under N2 or the enzyme found in commercial yeast. 1976 The enzymes from the latter sources appear to be identical, as expected. The relationship between the new enzyme and the normal alcohol dehydrogenase is not easy to resolve, because yeast apparently produces two other types of alcohol dehydrogenase which can be distinguished from the classical enzyme. These are a second type of enzyme found in the cytoplasm (Lutstorf & Megnet, 1968 ) and a third found in mitochondria (Wenger & Bernofsky, 1971 ). There are, however, certain arguments which indicate that the enzyme with which we are concerned is not of these alternative forms. The second type of cytoplasmic enzyme is repressed by high concentrations of glucose in the growth medium (Lutstorf & Megnet, 1968) ; further, the enzyme has a higher activity with butan-l-ol than with ethanol and it is a tetramer of mol.wt. around 140000 (Lutstorf & Mpgnet, 1968; Ciriacy, 1975) . Our new enzyme is produced by the yeast in the presence of high glucose concentrations, has a much lower activity with butan-l-ol than with ethanol ( Table 2 ) and is of mol.wt. about 72000. The mitochondrial enzyme is unlikely to be produced in significant amounts under our growth conditions, since the synthesis of yeast mitochondrial enzymes is severely repressed by high glucose concentrations (Utter et al., 1967) .
It seems possible that the new enzyme comprises the same protein as the normal alcohol dehydrogenase. This conclusion is supported by the fact that simply lowering the MnSO4 concentration from 20M to 1.84uM and including 15.M-ZnSO4 results in the synthesis of the well-recognized enzyme. This conclusion can only be verified, however, when the enzyme is obtained in a pure form and can be subjected to structural analysis.
Normal alcohol dehydrogenase is a tetramer of mol.wt. 141000 composed of apparently identical subunits (Harris, 1964; Jornvall, 1973) . If our enzyme is made from the same subunits it must be a dimer. The inference is that in the face of a Zn2+ deficiency, the dimers are not joined together to form tetramers. This suggests that the role of at least some of the zinc atoms in the normal enzyme (4-5 atoms/molecule of mol.wt. 141000) is to stabilize the quaternary structure; the enzyme seems to be a dimer of dimers. A structural role for some of the zinc atoms would not be surprising, since Kagi & Vallee (1960) showed that, on complete removal of the metal by chelating agents, the enzyme dissociates into subunits. It is also notable that in the dimeric horse liver alcohol dehydrogenase (mol.wt. 84000,4 atoms of zinc/molecule) half of the metal atoms have a possibly structural role and half form part of the active sites (Branden et al., 1973) . The liver enzyme is also inhibited by ADP-ribose (Dalziel, 1963) (Dickinson, 1974; Leskovac & Pavkov-Pericin, 1975) .
The fact that the new enzyme is very sensitive to EDTA suggests that a metal component is important. The findings of Hoch et al. (1958) that 1,10-ophenanthroline competes with coenzyme for normal alcohol dehydrogenase suggests a catalytic role for at least some of the metal atoms in this enzyme. Comparison with the horse liver enzyme also suggests that the active centre might contain a metal component. The results of Coleman & Weiner (1973) indicate that the enzyme might contain Mn2+. The metal analyses that we have obtained are not very helpful, since the enzyme preparations were undoubtedly impure. Ifthe specific activity of the pure enzyme is much higher than 400 units/mg then the enzyme could contain stoicheiometric amounts of either Mn2+ or Zn2+. The origin of the zinc in our preparations is unknown. It is possible that it is incorporated in growth and is due to contamination of the reagents. On the other hand, it might be picked up by the proteins (not necessarily the enzyme) in the course of the purification. Because of the sensitivity of the enzyme to EDTA we have not been able to use metal-chelating agents in our reagents.
We may now consider what information can be derived from the kinetic studies about the mechanism of catalysis with the enzyme from zinc-deficient yeast. Detailed studies have been performed with the normal enzyme (Dickenson & Dickinson, 1975b,c) and the results for the new enzyme are compared in Table 2 . As has been pointed out, the basis for comparison of the kinetic coefficients is arbitrary because of uncertainty about the specific activity ofthe new enzyme. Nevertheless, the following points merit consideration.
(1) The apparently -similar maximum rates of ethanol oxidation (1/qo) at pH 7.05 indicate that the pH dependences of Vmax. for the two enzymes are similar. The activities of both enzymes were, of course, normalized at pH 8.8 with saturating coenzyme and substrate concentrations. Coleman & Weiner (1973) claim that the pH dependences of the Zn2+-and Mn2+-containing enzymes from yeast YU 1001 are rather different. However, the results ofthese workers may require some revision. The NAD+ used in assays probably contained ADP-ribose (Dalziel, 1963; Dalziel & Dickinson, 1966) and, as shown in Table 2 and Fig. 3 , this is an extremely potent inhibitor of enzyme from yeast grown in a Zn2+-deficient, Mn2+-rich, medium. The effect of this inhibitor is markedly pH dependent.
(2) The parameters b0' and X1' change dramatically on passing from acetaldehyde to butyraldehyde with the new enzyme, but are essentially constant for the ndrmal enzyme. For the latter, this-invariance has been taken as evidentce that a compIlsory ymechanism is operative and that the rate-limiting step is NADO dissociation -from the terminal enzymeL-NAD+ complex (Dickinson & Monger, 1973; Dickenson & Dickinson, 1975b (Dalziel, 1957) and this is found to be so for normal'alcohol dehydrogenase (Dickenson & Dickinson, 1975b,c) . If this relationship applies to the niew enzyme then it appears that the affinitiet of the two types of binding site for both coentzymes are very similar, if not identical.
(4) The ratios q12(H]/012 for the ethanol-acetaldehyde and butan--4.ol-butyraldehyde reactions are essentially independent of the enzyme used (1.5x 101-" to 1.9x 10-11M) and are probably within experimental error equal to the respective equilibrium constants of 10-I"M and 9xIO102M (Balicklin, 1958; Dalziel, 1962b) for the overall reactions.
(5) Application of the maximnum-rate relationships to the new data in Table 2 shows that for the ethanolacetaldiehyde system &l 02/Oj2 oo`0 .56 and qY *2/012'o00=1.8; for the butan-l-ol--butyraldehyde system &102/012 S0'= 15 and 01'02'/12'00= 0.32. There is no consistent pattern of behaviour here and the data do not conform to the requirements of a strict compulsory-order mechanism, which are that 01 02/012 q0' 1 and q1'02'/012' 0 < 1 (Dalziel, 1957) .
A tentative explanation for the above results is that the reactions take place via a random-order mechanism, possibly with rapid equilibrium between the reactant complexes and with the binding of substrate affecting the affinity for coenzyme. This mechanism is not applicable to the data for the normal, Zn2+_ containing enzyme, for reasons which are discussed elsewhere (Silverstein & Boyer, 1964; Dickenson & Dickinson, 1975b,c) .
We began this work with the idea that if an alternative metal ion, in this case Mn2+, could be substituted for Zn2+, then documentation of the differences in catalytic properties of the two enzymes might allow one to deduce something about the role of the metal ion in catalysis. We have clearly-obtained a different enzyme, but we are not sure what the metal component is. In addition, the enzyme has a very different oligomeric structure and;one cannot be confident that the conformation of the subunits in the two enzymes is identical or even similar. It is perhaps unwise, at this stage, to attempt to identify changes in the kinetic properties of the enzyme with change in a particular component, and we cannot obtain any further insight into the r6le of the metal-in catalysis.
Apart from the kinetic differences between the two alcohol dehydrogenases discussed above, the striking difference in relation to ADP-ribose merits further consideration. Fig. 3 shows that the compound is competitive with NAD+ for the enzyme from Zn2+-deficient yetst. The behaviour noted in Table 2 , where s00 and 2 are mUch increased and S1 and j 12 unchanged by the presence of inhibitor in constant molar proportion to the coenzyme, may be explained satisfactorily on the basis of this competitive inhibition. It has been shown (Dalziel, 1963) [ [+S 012 (3) KI is the dissociation constant of the enzymeinhibitor complex. The presence of the inhibitor causes the parameters o and O2 in eqn. (1) to increase while qt and O2 are unchanged. As explained in (5) above, the results with the enzyme from Zn2+-deficient cells are apparently incompatible with a compulsory mechanism. However, equations of the same form as eqns. (2) and (3) may be deduced for a rapid-equilibrium random-order mechanism if it is assumed that the inhibitor competes with the coenzyme (Si) and that the binding of inhibitor does not affect the affinity of the enzyme for substrate (S2). The latter is equivalent to a statement that the affinities of the free enzyme and the enzyme-alcohol complex for inhibitor are the same. By using eqn. (3) and the results of Table 2 a value of K1 = 0.6pM is obtained from the variation of 00 and 02 in the presence of inhibitor. This value is obviously in good agreement with the value of K1 = 0.5 gm obtained from the more conventional experiment of Fig. 3 . Studies of normal alcohol dehydrogenase with pure and commercial NAD+ indicate a minimum value of K, 5= O0,m for ADP-ribose calculated from small variations in qo and 02. However, these variations were probably within the experimental error, so the true value may 1976 be much larger. It is interesting that the affinities of the two enzymes for ADP-ribose should be so different when the dissociation constants for both coenzymes, as measured from b12Ab2 and q12'/02' are so similar (Table 2) .
The results described illustrate once again how important it can be to use highly purified coenzyme preparations in kinetic studies with NAD+-linked dehydrogenases. This point was originally made in kinetic work with horse liver alcohol dehydrogenase (Dalziel, 1962a (Dalziel, , 1963 . The present work provides a particularly striking example of an enzyme being inhibited by a common contaminant of NAD+. The example is all the more impressive since the behaviour of normal alcohol dehydrogenase would lead one to expect that the new enzyme would be insensitive to this compound.
